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1
IMAGE PICKUP APPARATUS

This application is a U.S. National Phase Application of
PCT International Application PCT/JP2011/059477 filed on
Apr. 12, 2011 which is based on and claims priority from JP
2010-094941 filed on Apr. 16, 2010 the contents of which is
incorporated herein in its entirety by reference.

TECHNICAL FIELD

The present invention relates to an image pickup apparatus,
and is suitable for a digital still camera, a video camera, a TV
camera and the like, which are provided, on an optical path of
an image pickup optical system thereof, with such a correc-
tion unit, for example a phase modulating element, for effec-
tively correcting aberration in the image pickup optical sys-
tem.

BACKGROUND ART

In order to correct aberrations in image pickup optical
systems, there are used various methods. For example, in an
image pickup optical system having a wide angle of field, an
aspherical lens is used to perform aberration correction with
respect to a beam having a large angle of field. As the image
pickup angle of field becomes larger (as the angle of field
becomes wider), there occur more frequently coma, field
curvature/astigmatism and the like. Thus, in order to correct
those aberrations, the number of lenses is increased, and
aspherical lenses are used.

Optical elements (lenses) used in an image pickup optical
system are unchangeable in shape. For this reason, even if the
surface of a lens has a curvature or an aspherical shape opti-
mal for a given angle of field (zoom position) or a focus
position, this shape is not necessarily optimal for another
angle of field (zoom position) or another focus position.

To address this, there is conventionally known an image
pickup apparatus in which aberration correction is performed
with an effect similar to the effect obtained when the curva-
ture and the aspherical coefficient are dynamically changed,
by interposing a reflective phase modulating element in the
optical system and performing optimal wavefront modulation
according to each zoom position, focus position or the like
(PTL 1). Further, there is known a pickup apparatus for an
optical disc in which aberration generated due to a thickness
error, a tilt or the like of the optical disc is corrected by using
a liquid crystal element (PTL 2).

In general, all aberrations in an optical system can be
expressed as a pupil aberration at a pupil of the optical system.
Accordingly, there is known an imaging optical system in
which a phase modulating element is interposed at the pupil
of the optical system to correct the spherical aberration, and
conversely add the spherical aberration to obtain a soft-focus
effect (PTL 3).

Further, as for the method in which the shape of the reflec-
tive phase modulating element is changed in synchronization
with the zoom position or the focus position to correct aber-
ration in an image pickup optical system, as the angle of field
becomes wider, the aberration correction for the entire screen
becomes more difficult with only a single aspherical shape.
For this reason, this method tends to leave many residual
aberrations.
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SUMMARY OF INVENTION
Technical Problem

The present invention has an object to provide an image
pickup apparatus which favorably corrects aberration with
respect to both an axial beam and an off-axial beam having a
certain angle of field, and thus achieves high optical perfor-
mance over an entire screen.

Solution to Problem

In order to achieve the above-mentioned object, there is
provided an image pickup apparatus including: an image
pickup element; an image pickup optical system for forming
an image of an object on the image pickup element by using
abeam from the object; a phase modulating element disposed
on a pupil plane of the image pickup optical system, for
modulating a phase state of the beam from the object; a
modulating element controller for controlling the phase
modulating element; and an image pickup element controller
for dividing the image pickup element into multiple areas,
and reading, for each of the multiple divided areas, informa-
tion on the image formed on the image pickup element in a
time-sharing manner, in which, when the image pickup ele-
ment controller reads the information on the image formed on
the image pickup element by an area-by-area basis for the
multiple divided areas in the time-sharing manner, the modu-
lating element controller controls the phase modulating ele-
ment so as to reduce a wavefront aberration in the divided area
from which the information is to be read.

Advantageous Effects of Invention

According to the present invention, the image pickup ele-
ment is divided into the multiple areas, and the correction of
the wavefront aberration with respect to respective angles of
field corresponding to the multiple divided areas is performed
at the pupil of the image pickup optical system. As a result,
there can be obtained the image pickup apparatus which
performs the aberration correction most efficiently with
respect to the respective angles of field, and thus has high
optical performance.

Further features of the present invention will become
apparent from the following description of exemplary
embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an explanatory diagram of a first embodiment of
the present invention.

FIG. 2 is a diagram illustrating an area division pattern on
an image plane according to the first embodiment.

FIG. 3 A is a diagram illustrating wavefront aberration in an
area a according to the first embodiment.
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FIG. 3B is a diagram illustrating wavefront aberration in
areas b1 and b2 according to the first embodiment.

FIG. 3C is a diagram illustrating wavefront aberration in
areas c1 and c2 according to the first embodiment.

FIG. 3D is a diagram illustrating wavefront aberration in
areas d1 to d4 according to the first embodiment.

FIG. 4A is a diagram illustrating spots of the area a
obtained before and after a phase modulating element per-
forms modulation according to the first embodiment.

FIG. 4B is a diagram illustrating spots of the area b
obtained before and after the phase modulating element per-
forms the modulation according to the first embodiment.

FIG. 4C is a diagram illustrating spots of the area c
obtained before and after the phase modulating element per-
forms the modulation according to the first embodiment.

FIG. 4D is a diagram illustrating spots of the area d
obtained before and after the phase modulating element per-
forms the modulation according to the first embodiment.

FIG. 5 is an explanatory diagram of a second embodiment
of the present invention.

FIG. 6 is a diagram illustrating relation between an angle of
field and a wavefront aberration amount according to the
second embodiment.

FIG. 7 is a diagram illustrating positions of angle of field in
each area according to the second embodiment.

FIG. 8 is a diagram illustrating spots of an area i1 obtained
before and after the phase modulating element performs the
modulation according to the second embodiment.

FIG.9 is a diagram illustrating wavefront aberrations of the
area il obtained before and after the phase modulating ele-
ment performs the modulation according to the second
embodiment.

FIG. 10 is a diagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area il according to the second embodiment.

FIG. 11 is a diagram illustrating spots of an area d1
obtained before and after the phase modulating element per-
forms the modulation according to the second embodiment.

FIG. 12 is a diagram illustrating wavefront aberrations of
the area d1 obtained before and after the phase modulating
element performs the modulation according to the second
embodiment.

FIG. 13 is a diagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area d1 according to the second embodiment.

FIG. 14 is a diagram illustrating spots of an area a obtained
before and after the phase modulating element performs the
modulation according to the second embodiment.

FIG. 15 is a diagram illustrating wavefront aberrations of
the area a obtained before and after the phase modulating
element performs the modulation according to the second
embodiment.

FIG. 16 is a diagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area a according to the second embodiment.

FIG. 17 is an explanatory diagram of a third embodiment of
the present invention.

FIG. 18A is a diagram illustrating relation between the
angle of field and the wavefront aberration amount at a wide-
angle end according to the third embodiment.

FIG. 18B is a diagram illustrating relation between the
angle of field and the wavefront aberration amount at a tele-
photo end according to the third embodiment.

FIG. 19A is a diagram illustrating an area division pattern
on the image plane at the wide-angle end according to the
third embodiment.
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FIG. 19B is a diagram illustrating an area division pattern
on the image plane at the telephoto end according to the third
embodiment.

FIG. 20 is a diagram illustrating spots of an area il (wide
side) obtained before and after the phase modulating element
performs the modulation according to the third embodiment.

FIG. 21 is a diagram illustrating wavefront aberrations of
the area i1 (wide side) obtained before and after the phase
modulating element performs the modulation according to
the third embodiment.

FIG. 22 is adiagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area il (wide side) according to the third embodiment.

FIG. 23 is a diagram illustrating spots of an area d1 (wide
side) obtained before and after the phase modulating element
performs the modulation according to the third embodiment.

FIG. 24 is a diagram illustrating wavefront aberrations of
the area d1 (wide side) obtained before and after the phase
modulating element performs the modulation according to
the third embodiment.

FIG. 25 is adiagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area d1 (wide side) according to the third embodiment.

FIG. 26 is a diagram illustrating spots of an area a (wide
side) obtained before and after the phase modulating element
performs the modulation according to the third embodiment.

FIG. 27 is a diagram illustrating wavefront aberrations of
the area a (wide side) obtained before and after the phase
modulating element performs the modulation according to
the third embodiment.

FIG. 28 is adiagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area a (wide side) according to the third embodiment.

FIG. 29 is a diagram illustrating spots of an area d1' (tele-
photo side) obtained before and after the phase modulating
element performs the modulation according to the third
embodiment.

FIG. 30 is a diagram illustrating wavefront aberrations of
the area d1' (telephoto side) obtained before and after the
phase modulating element performs the modulation accord-
ing to the third embodiment.

FIG. 31 is adiagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area d1' (telephoto side) according to the third embodiment.

FIG. 32 is a diagram illustrating spots of an area a' (tele-
photo side) obtained before and after the phase modulating
element performs the modulation according to the third
embodiment.

FIG. 33 is a diagram illustrating wavefront aberrations of
the area a' (telephoto side) obtained before and after the phase
modulating element performs the modulation according to
the third embodiment.

FIG. 34 is adiagram illustrating phase modulating amounts
provided to the phase modulating element with regard to the
area a' (telephoto side) according to the third embodiment.

FIG. 35 is a diagram illustrating an example of weighting
performed on respective points in an area according to the
third embodiment.

FIG. 36 is a diagram illustrating an example of a process in
which data is read from an LUT and image pickup is then
performed according to the third embodiment.

FIG. 37 is adiagram for describing a fourth embodiment of
the present invention.

DESCRIPTION OF EMBODIMENTS

The present invention has an object to provide an image
pickup apparatus which favorably corrects aberration with
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respect to both an axial beam and an off-axial beam having a
certain angle of field, and thus achieves high optical perfor-
mance over an entire screen. Hereinafter, the image pickup
apparatus of the present invention is described. The image
pickup apparatus of the present invention uses an image
pickup optical system 105 having a single focal length or a
zoom function to form image information of an external
world (object) on a CCD or CMOS image pickup element
102. On a plane of a pupil 103 (pupil plane) of the image
pickup optical system 105 or its vicinity, there is disposed a
phase modulating element 101 which modulates the state of
phase of an incident wavefront and emits the resultant beams.
Here, the pupil plane is such a surface that is perpendicular to
an optical axis at a point at which an off-axial principal ray
intersects the optical axis.

The image pickup apparatus according to the present
invention includes a modulating element controller 108
which controls the phase modulating element 101 to provide
a phase amount to a beam passing through the phase modu-
lating element 101, and an image pickup element controller
109 which divides the image pickup element 102 into three or
more areas and reads the image information by an area-by-
area basis for the multiple divided areas in a time-sharing
manner. When the image pickup element controller 109 reads
the image information by an area-by-area basis for the mul-
tiple divided areas in a time-sharing manner, the modulating
element controller 108 attempts to reduce a wavefront aber-
ration for each of the divided areas of the image pickup
element 102. Specifically, the phase modulating element 101
modulates the phase amount to be provided to the passing
beam. Here, the wavefront aberration corresponds to such
aberration that occurs as a result of superimposition of vari-
ous kinds of aberrations.

Here, of the multiple divided areas, an area containing the
center of the image pickup element 102 has the largest size or
has the same size as the other areas. That is, no area is
included in the multiple divided areas whose size is larger
than the area containing the center of the image pickup ele-
ment 102 in the multiple divided areas. In other word, the area
containing the center of the image pickup element 102 has the
largest size in the multiple divided areas. In addition, the
number of divided areas is changed depending on a zoom
position of the image pickup optical system 105. For
example, the number of divided areas is set to be larger at a
wide-angle end than at a telephoto end. The phase amount
modulated by the phase modulating element 101 is set so as to
minimize the wavefront aberration at the center of the divided
area. Alternatively, the average of wavefront aberrations in
the divided area is calculated, and then, the phase amount is
set so as to minimize the wavefront aberration at a point
having the wavefront aberration identical to the average value
in the area. Apart from that, certain weighting is performed on
wavefront aberrations in the divided area, and then, the phase
modulation is performed so as to minimize the wavefront
aberration at a point having the highest weight in the area.
Further, the phase modulating element may be formed of an
element whose thickness is partially variable.

First Embodiment

FIG.1is amainpart schematic diagram of the first embodi-
ment of the present invention. FIG. 1 is a main part schematic
diagram in which the phase modulating element 101 accord-
ing to the present invention is added to the wide-angle lens
(optical system) (image pickup optical system) described in
PTL 4. Note that, in the description below, the wavefront
aberration of the d-line (594 nm) is used for the calculation of
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the wavefront aberration. Needless to say, the wavelength
may be selected arbitrarily depending on wavelengths that
use the optical system. Further, in a case ofusing wavelengths
in a wide band, other calculation methods may be employed,
such as using a wavelength representing a mean value thereof,
or using an average value of wavefront aberrations obtained
based on the weighted wavelengths. Further, in the first
embodiment and a second embodiment described below, the
aspect ratio of the image pickup element 102 is defined as 3:2,
but the aspect ratio of the image pickup element 102 is not
limited thereto.

In FIG. 1, the optical system 105 is a wide-angle lens
whose photographing angle of field has a half angle of field of
42 degrees. In this embodiment, the phase modulating ele-
ment 101 is disposed at the position of the pupil 103 of the
optical system 105 or its vicinity. Examples of the phase
modulating element 101 include a liquid crystal and a non-
linear crystal, which are made of a material that is changeable
in refractive index by applying a voltage. Further, the phase
modulating element 101 may be an element that is made of a
transmissive material whose thickness is physically change-
able. Further, the phase modulating element 101 may be an
element whose thickness is partially changeable.

As for a phase lag amount in the phase modulating element
101 of this embodiment, a phase modulating amount is deter-
mined based on the product of a change amount of the refrac-
tive index of the material (in this case, liquid crystal) and the
thickness of a liquid crystal layer 201. The phase modulating
amount A¢ is expressed as follows:

Ap=AnxT/h

where An represents the change amount of the refractive
index, T represents the thickness of the material, and A rep-
resents the used wavelength. In this manner, by using a
change in refractive index, it is possible to modulate the phase
of an exit wavetront, relative to the incident wavefront. Apart
from using the liquid crystal element, such a change in refrac-
tive index may also berealized by using a material (non-linear
crystal element) having a non-linear optical characteristic
such as the Pockels effect or the Kerr effect. However, a
change in the refractive index of a liquid crystal or a crystal
has polarization dependence. To address this, for example, the
following method may be used. That is, when used in an
image pickup optical system (optical system), two sheets of
liquid crystals are attached together so as to make their direc-
tions of polarization dependence perpendicular to each other
as described on pages 149 to 153 of NPL 1, thereby reducing
the polarization dependence.

Alternatively, a transparent body having a refractive index
of'1 or larger, such as a gel or a liquid, may be sandwiched in
a physically-movable member so as to partially change the
thickness (make the thickness partially variable), thereby also
performing the phase modulation. In this case, the phase
modulating amount is determined based on a difference in
thickness and the refractive index of the material.

In this embodiment, for example, it is assumed that the
CMOS image pickup element 102 is divided into multiple
areas by the image pickup element controller 109 as illus-
trated in FIG. 2.

In this embodiment, it is assumed that a division number is
nine, and that all of nine divided areas 301 have the same size.
The division number may be any number as long as the
division number is equal to or larger than three. Here, FIGS.
3A to 3D respectively illustrate the wavefront aberrations
corresponding to the central angles of field of the respective
areas 301. FIGS. 3A to 3D respectively illustrate the wave-
front aberrations of the respective angles of field in the cross
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section illustrated in FIG. 1. Note that, as the optical system of
this embodiment, a rotationally-symmetric optical system is
employed, and hence, for example, the wavefront aberrations
of areas d2 to d4 have the same shapes as the wavefront
aberration of an area d1, which are respectively rotated about
an optical axis 106. Similarly, the wavefront aberrations in
areas bl and b2 have shapes symmetric to each other about the
optical axis 106. The same applies for areas c1 and c2.

FIG. 3A corresponds to an area a of FIG. 2, FIG. 3B
corresponds to the area b1 and b2 of FIG. 2, FIG. 3C corre-
sponds to the areas ¢l and ¢2 of FIG. 2, and FIG. 3D corre-
sponds to the areas d1 to d4 of FIG. 2.

In this case, the modulating element controller 108 causes
the phase modulating element 101 to perform modulation so
that, for example, the wavefront aberrations illustrated in
FIGS. 3A to 3D are canceled with respect to the central angles
of field of the respective areas 301. Specifically, the phase
modulating element 101 is caused to perform the modulation
s0 as to generate a phase lag, and an attempt is made to make
a difference in wavefront distribution on the pupil 103
become closer to 0. On this occasion, the wavefront aberra-
tion does notneed to be completely 0, and as long as sufficient
optical performance is maintained as the image pickup opti-
cal system, it poses no problem that there remains a certain
wavefront aberration. In this embodiment, the correction is
performed until the wavefront aberrations illustrated in FIGS.
3A to 3D become equal to or smaller than 20 mA..

Hereinafter, a flow of the phase modulation performed at
the time of image pickup is described. Upon start of the image
pickup, a control unit 107 refers to a lookup table (LUT) 104.
Inthe LUT 104, the phase modulating amount to be generated
is determined according to the divided area. Thus, the phase
modulating amount required for the area is extracted. Then,
the control unit 107 sends information on an area for which
the reading is performed in a time-sharing manner and on the
phase modulating amount required for the area, to the modu-
lating element controller 108 used for the phase modulating
element 101 and the image pickup element controller 109
used for the image pickup element 102. Based on the sent
information, the modulating element controller 108 and the
image pickup element controller 109 control the phase modu-
lating element 101 and the image pickup element 102, respec-
tively. For example, at the time of reading the image infor-
mation of the area a on the image pickup element 102, the
modulating element controller 108 provides such a phase
difference that can cancel the wavefront aberration at a angle
of field of 0 degrees to the phase modulating element 101 in
a time-sharing manner. In synchronization with this, the
image pickup element controller 109 reads the image infor-
mation only from the area a of the image pickup element 102.

Similarly, at the time of image pickup for each of the areas
bl to d4, the modulating element controller 108 performs
control so as to provide, to the phase modulating element 101,
such a phase difference that can correct the wavefront aber-
ration at the central angle of field of each of the areas. Then,
the image pickup element controller 109, which includes a
separate reading unit, performs control so as to similarly
perform the reading of the image information in a time-
sharing manner at temporally different timings for the respec-
tive areas of the image pickup element 102. The phase differ-
ence to be provided to each area 301 by the phase modulating
element 101 is determined based on data on a wavefront
aberration correcting amount stored in the LUT 104. The
LUT 104 stores the wavefront aberration correcting amount
corresponding to each of the areas 301. Note that, in addition
to the correcting amount with respect to the angle of field of
the optical system 105, the wavefront aberration correcting
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amount may incorporate a correcting amount determined
based on a focus position with respect to the optical system
105. Further, in this embodiment, the correction for the
single-focal-length optical system is described. However, for
example, in the case of a zoom lens, it is only necessary to
incorporate the correcting amount determined based on each
zoom position into the LUT 104, thereby changing the cor-
recting amount for each focal length.

Table 1 is a table showing the angles of field of each area
and the ranges of each area on the image pickup element 102.
In Table 1, x represents a longitudinal direction of the screen,
and y represents a direction perpendicular to x. The center of
the screen (the optical axis in the case of a co-axial system) is
assumed to be 0 degrees. The same coordinate directions are
also used in embodiments described below. Further, the areas
b1 and b2 are symmetric about an x axis, the areas c1 and ¢2
are symmetric about a y axis, and the areas d1 to d4 are
rotationally symmetric about the optical axis 106, and hence
the values of the area a are indicated as Area A, the values of
the area b1 are indicated as Area B, the values of the area c1
are indicated as Area C, and the values of the area d1 are
indicated as Area D. For the values of the other areas b2, ¢2,
and d2 to d4, only the signs of values of Areas B to D of Table
1 need to be changed. For example, for the area d2, only the
signs of values regarding y in Area D need to be reversed.
Similarly, for the area d4, only the signs of values regarding
both x and y need to be reversed, and, for the area d3, only the
signs of values regarding x need to be reversed. In the embodi-
ments described below, similarly, of the areas symmetric to
each other, the values of an area having the smallest number
are used.

The coordinate values of each area represent ratios
obtained when an x-coordinate and a y-coordinate at a maxi-
mum angle of field on the image pickup element 102 are
respectively assumed to be 1. FIGS. 4A to 4D illustrate spot
shapes at the central angles of field of the respective areas 301
obtained before and after the phase modulating element 101
performs the wavefront modulation. As can be seen from
FIGS. 4A to 4D, remarkable improvements can be recognized
in the spot shapes after the wavefront modulation is per-
formed in comparison to before the wavefront modulation.

In this way, the phase modulating element 101 is inter-
posed at the position of the pupil 103 of the optical system
105, and the image pickup element 102 is divided into the
multiple areas, thereby causing the phase modulating element
101 to perform optimal wavefront aberration correction for
each area. As a result, aberration correction can be favorably
performed for the optical system. Further, in the case of an
optical system for image pickup, with respect to beams hav-
ing large angles of field, part of pupil beams are vignetted in
order to improve the optical performance, thereby reducing
aberration. However, if the method of the present invention is
used, the aberration correction can be performed even for
angles of field of outermost edges. Therefore, vignetting
amounts at peripheral angles of field can be reduced, and
peripheral light amounts are expected to be increased. Note
that, in a case where the optical system is rotationally asym-
metric, it is conceivable that the divided areas respectively
have different shapes of wavefront aberration. In such a case,
wavefront aberration correcting amounts each corresponding
to the different shapes only need to be incorporated into the
table.

Further, in a case where the image pickup element 102 is
divided into areas as described above, it is desired to use, as
the image pickup element 102, a CMOS image pickup ele-
ment, which performs reading on a pixel basis, rather than a
CCD image pickup element, which performs line-reading. By
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employing the CMOS image pickup element, areas of the
image pickup element to be read can be changed with more
ease.

TABLE 1
X- y- x angle of y angle of
coordinate coordinate field (deg) field (deg)
Area  -0.33~0.33 -0.33~0.33 -15.501~15.501 -10.476~10.476
irea -0.33~0.33 0.33~1.00  -15.501~15.501 10.476~26.540
irea 0.33~1.00  -0.33~0.33 15.501~36.840  -10.476~10.476
irea 0.33~1.00 0.33~1.00 15.501~36.840 10.476~26.540
D

Second Embodiment

Hereinafter, the second embodiment of the present inven-
tion is described. An optical system used in this embodiment
is the same as in the first embodiment. Further, in the figures
described below, components with the same reference sym-
bols have the same functions, and thus description thereof is
herein omitted. In the case of the first embodiment, the image
pickup element 102 is divided into nine areas having the same
size. However, as illustrated in FIG. 6, the wavefront aberra-
tion is larger on the periphery of the image pickup element (at
a larger angle of field), and accordingly, the wavefront aber-
ration may significantly differ even within the same area.

Conversely, there is also a case where the wavefront aber-
ration becomes the largest at about a middle angle of field of
the screen and becomes smaller again as closer to the periph-
ery thereof. Accordingly, if the wavefront aberration at the
center of the area is adopted, the aberration conversely dete-
riorates on the periphery of the area, resulting in a deformed
spot shape. In view of the above, in principle, it is desired that
the wavefront aberration be corrected with one area corre-
sponding to one pixel. However, the image pickup takes a
longer period of time, and an ultra-high modulation speed is
required for the phase modulating element, and hence
increasing the division number is not desired.

To address this problem, in this embodiment, as illustrated
in FIG. 5, the image pickup element 102 is divided into larger
areas (sizes) in the vicinity of the center of the screen where
the change amount in wavefront aberration is smaller, and
into the same or smaller areas in a portion closer to the
periphery of the screen. By doing so, while solving the above-
mentioned problem of reverse correction, the number of
divided areas is reduced. Further, even in areas on the periph-
ery of the screen, the spot shape can be prevented from being
deformed. Moreover, the number of modulations performed
by the phase modulating element 101 during the same period
of time for the image pickup becomes smaller, and hence the
modulation speed of the phase modulating element 101 can
be suppressed to be low. In this embodiment, based on the
results of wavefront aberration amounts illustrated in FIG. 6,
the diagonal angle offield of an area a is set to 0 to 32 degrees,
the diagonal angles of field of areas d1 to d4 are set to 32 to 38
degrees, and the diagonal angles of field of areas il to i4 are
set 1o 38 to 42 degrees. For example, in a case where the entire
screen is divided into areas having the same size, if the divi-
sion is made using the same size as the area i, the screen needs
to be divided into fifty or more areas. However, if smaller
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areas are used only on the periphery of the screen as in this
embodiment, the number of divided areas can be reduced
significantly, and also, the effect of improved optical perfor-
mance can be maintained. In addition, the modulation speed
of the phase modulating element 101 can be decreased.

Further, the following method is applied to the respective
areas (a, bl and b2, c1 and ¢2, d1 to d4, el and €2, f1 to 14, g1
and g2, hl to hd4, and i1 to i4) illustrated in FIG. 5. Specifi-
cally, based on the average of wavefront aberrations at the
center and four corners (F1 to F5) of the area as illustrated in
FIG. 7, the phase amount which is to be provided to the
passing beam by the phase modulating element 101 is deter-
mined. Specifically, the phase modulating amount is deter-
mined so as to minimize the wavefront aberration at a point
having such a wavefront aberration that is the same as or
similar to the average value of the wavefront aberrations in the
area.

By doing so, the spot shapes in the respective areas are
made uniform. Note that, with regard to the area a, a point F3
of FIG. 7 corresponds to a beam in an optical axis direction.
Table 2 shows the ranges of angle of field of each area and the
ranges of each area on the image pickup element 102. Here,
with regard to the representative areas a, d1 and i1, FIGS. 8 to
16 illustrate improved spot shapes and wavefront aberration
shapes for the points F1 to F5 illustrated in FIG. 7, and the
phase differences provided to the phase modulating element
101. FIGS. 8 to 10 respectively illustrate the spots, the wave-
front aberrations and the phase modulating amounts of the
area i1, FIGS. 11 to 13 respectively illustrate the spots, the
wavefront aberrations and the phase modulating amounts of
the area d1, and FIGS. 14 to 16 respectively illustrate the
spots, the wavefront aberrations and the phase modulating
amounts of the area a. Improvements in spot shape and
improvements in wavefront aberration amount can be recog-
nized.

In this way, the areas are made smaller in the portion closer
to the periphery of the screen so as to adapt to the wavefront
aberration of the optical system 105, and hence improve-
ments in spot shape can be achieved over the entire screen.
Further, by making larger the areas in the vicinity of the center
of the screen where fluctuations in wavefront aberration are
small, the division number can be reduced, and the modula-
tion speed of the phase modulating element can also be low-
ered. Note that, in consideration of decrease in light amount
on the periphery of the screen, which occurs according to the
cosine fourth law in the optical system, the following measure
may be taken. That is, different exposure periods are used for
the areas on the periphery of the screen and for the areas in the
vicinity of the center of the screen, and the exposure period
for the periphery of the screen is made longer, thereby
increasing the peripheral light amount. Further, in view of a
fact that the spot shapes are different at boundaries of the
areas, for example, such image processing may be added that
the reading is performed in a manner that the boundaries of
the areas overlap each other, to thereby average images in the
vicinity of the boundaries. Further, in this embodiment, it is
determined that the phase amount which is to be provided to
the passing beam by the phase modulating element 101 based
on the average of wavefront aberrations obtained when the
stop is at full-aperture state. However, when the stop is
changed, other modulating amounts optimal for respective
stop values may be used.
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TABLE 2
X- y- x angle of y angle of
coordinate coordinate field (deg) field (deg)
Area  -0.69~0.69 -0.69~0.69 -27.471~27471 -19.117~19.117
irea —-0.69~0.69 0.69~0.87 -27.471~27.471 19.117~23.431
irea 0.69~0.87  -0.69~0.69 27.471~33.027 -19.117~19.117
irea 0.69~0.87 0.69~0.87 27.471~33.027 19.117~23.431
irea —-0.69~0.69 0.87~1.00 -27.471~27.471 23.431~26.540
irea 0.69~0.87 0.87~1.00 27.471~33.027 23.431~26.540
irea 0.87~1.00  -0.69~0.69 33.027~36.840 -19.117~19.117
irea 0.87~1.00 0.69~0.87 33.027~36.840 19.117~23.431
Erea 0.87~1.00 0.87~1.00 33.027~36.840 23.431~26.540
I
Third Embodiment

FIG. 17 is amain part schematic diagram of a third embodi-
ment of the present invention. FIG. 17 is a main part sche-
matic diagram in which the phase modulating element 101 is
added to the zoom lens 1801 described in the first embodi-
ment of PTL 5. FIG. 17 illustrate the wide-angle end, a middle
zoom position (middle position) and the telephoto end,
respectively. In FIG. 17, the respective control units of the
control unit 107 and the like are omitted for the wide-angle
end and the middle position (Middle) and are illustrated only
for the telephoto end. Note that, in this embodiment, the
aspect ratio of the image pickup element 102 is set to 4:3. The
zoom lens 1801 is a zoom lens having a zoom ratio of three
with the focal length ranging from 5.6 mm to 16.8 mm, and
the angle of field thereof changes from 32.2 degrees to 11.7
degrees in terms of the half angle of field.

In the case of such a zoom lens, as illustrated in FIGS. 18A
and 18B, how the wavefront aberration fluctuates according
to the angle of field differs significantly between the case of
the wide-angle end and the case of the telephoto end. Particu-
larly, in the case of the wide-angle end shown in FIG. 18A, the
absolute amount of the wavefront aberration changes signifi-
cantly from the center of the screen toward the periphery
thereof, while the change amount is smaller in the case of the
telephoto end shown in FIG. 18B. Further, in the case of the
telephoto end, a steady increase is observed from the center of
the screen toward the periphery thereof in how the change
presents itself, while in the case of the wide-angle end, a
steady increase is not observed. To address this, as illustrated
in FIGS. 19A and 19B, depending on the zoom position, the
number of divided areas is also changed in addition to the
change amount of the phase modulating element 101. In the
LUT 104, the phase amount is determined according to the
zoom position and the position of the divided area. In this
way, by changing the number of divided areas according to
the zoom position, the correction of the wavefront aberration
can be performed more efficiently.

Such change data on the number of areas is also stored in
the LUT 104, and hence the phase modulating amount which
corresponds to each zoom position can be easily extracted.
Further, in view of the fact that the present invention is
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directed to the image pickup system, it is desired that the
shutter speed be made faster at the telephoto end to prevent
image bur caused by camera shaking. In this respect, by
reducing the number of divided areas at the telephoto end in
comparison to the wide-angle end, the effect of increasing the
shutter speed can also be provided.

Table 3 and Table 4 show the ranges of angle of ficld angle
of'each area and the ranges of each area on the image pickup
element 102 for the case of the wide-angle end and the case of
the telephoto end, respectively. Further, with regard to repre-
sentative areas in the case of the wide-angle end and in the
case of the telephoto end, FIGS. 20 to 34 illustrate the adopted
phase modulating amounts and the spots and the wavefront
aberrations before and after the phase modulation is adopted.

FIGS. 20 to 22 respectively illustrate the spots, the wave-
front aberrations and the phase modulating amounts of an
area il in the case of the wide-angle end. FIGS. 23 to 25
respectively illustrate the spots, the wavefront aberrations and
the phase modulating amounts of an area d1 in the case of the
wide-angle end. FIGS. 26 to 28 respectively illustrate the
spots, the wavefront aberrations and the phase modulating
amounts of an area a in the case of the wide-angle end. FIGS.
29 to 31 respectively illustrate the spots, the wavefront aber-
rations and the phase modulating amounts of an area d1' in the
case of the telephoto end. FIGS. 32 to 34 respectively illus-
trate the spots, the wavefront aberrations and the phase modu-
lating amounts of an area a' in the case of the telephoto end.

Note that, in this embodiment, as in FIG. 35, weighting is
performed on each position in the area of the image pickup
element 102, thereby determining the phase modulating
amount which is to be added to the phase modulating element
101. In this embodiment, the weighting function is deter-
mined in such a manner that the wavefront aberration closer to
the center of the angle of field is corrected to a larger extent.
By doing so, a more favorable image can be obtained at a
position closer to the center of the screen. The weighting
function is also stored in the LUT 104, and an appropriate
weighting amount is applied according to the zoom position.
The weighting function may differ depending on the area or
depending on the zoom position.

Further, in this embodiment, the adopted divided areas
differ only between the case of the wide-angle end and the
case of the telephoto end. However, the division number may
be further changed at respective zoom positions between the
wide-angle end and the telephoto end, thereby enabling the
most effective division number to be selected for each focal
length. Further, the phase modulating amounts adopted in this
embodiment are all premised on a case where the position of
an object is at infinity. In a case where an object is positioned
at a finite distance, phase modulating amounts optimal for
respective positions of the object may be adopted.

TABLE 3
X- y- x angle of y angle of
coordinate coordinate field (deg) field (deg)
Area -040~040 -040~0.40 -11.280~11.280 -8.508~8.508
irea -0.40~0.40 0.40~0.71 -11.280~11.280 8.508~14.957
B
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TABLE 3-continued
X- y- x angle of y angle of

coordinate coordinate field (deg) field (deg)
Area 0.40~0.71  -0.40~0.40 11.280~19.605  -8.508~8.508
irea 0.40~0.71 0.40~0.71 11.280~19.605 8.508~14.957
Erea -0.40~0.40 0.71~1.00  -11.280~11.280  14.957~20.552
irea 0.40~0.71 0.71~1.00 11.280~19.605  14.957~20.552
irea 0.71~1.00  -0.40~0.40 19.605~26.560  -8.508~8.508
irea 0.71~1.00 0.40~0.71 19.605~26.560 8.508~14.957
Erea 0.71~1.00 0.71~1.00 19.605~26.560  14.957~20.552
I

TABLE 4
X- y- x angle of y angle of

coordinate coordinate field (deg) field (deg)
Area -0.67~0.67 -0.67~0.67 -6.415~6.415  -4.820~4.820
irea -0.67~0.67 0.67~1.00 -6.415~6.415 4.820~7.083
irea 0.67~1.00 -0.67~0.67 6.415~9.407  -4.820~4.820
irea 0.67~1.00 0.67~1.00 6.415~9.407 4.820~7.083
D

Here, referring to FIG. 36, described is a process up until
image pickup, in which data is read from the LUT 104, and
the phase modulating element 101 is caused to perform the
modulation. The phase modulating element 101 used in FIG.
36 is a phase modulating element of liquid crystal type
described in the first embodiment. As in FIG. 36, first, a
current zoom position (focal length) of the zoom lens is
obtained by a sensor 3702, and a table value indicating a focal
length closest to the focal length stored in a memory 3701 is
selected. Based on the selected table value, the number of
divided areas on the image pickup element 102 is determined,
and the determined value is then sent to the image pickup
element controller 109. After that, the focus position and the
stop value are detected by the sensor 3702 in the same man-
ner, and a table value indicating a distance closest to the focus
position stored in the memory 3701 is obtained, to thereby
determine a phase modulating distribution which is to be
provided to the phase modulating element 101.

Here, the sensor 3702 is denoted by the same reference
symbol, but separate sensors may also be provided for detect-
ing the zoom position, the focus position and the stop value,
respectively. Based on the determined value, the control unit
107 calculates a voltage to be applied to transparent elec-
trodes 202 of the phase modulating element 101. According
to the determined voltage, the modulating element controller
108 applies the voltage to the transparent electrodes 202 to
change the refractive index of the liquid crystal, thereby per-
forming the phase modulation. In synchronization with the
phase modulation, the image pickup element controller 109
controls the image pickup element 102 so as to perform the
reading only for an area used for the image pickup. Though an
area which is not used for the image pickup receives light,
data is not read from this area. After the image pickup is
finished with one area, charges accumulated in the image
pickup element 102 are once reset, and the image pickup
element controller 109 performs control so as to start the
reading from the next area again. Through the process
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described above, the phase modulating element 101 can be
caused to perform the modulation for each area on the image
pickup element 102, and the acquisition of an image can be
performed by synchronizing the phase modulation and the
reading.

Fourth Embodiment

FIG. 37 is an explanatory diagram for area division per-
formed on the surface of an image pickup element according
to a fourth embodiment of the present invention. A division
method for area division performed on an image pickup ele-
ment 102 of the fourth embodiment is described. In the first to
third embodiments, the shapes of the divided areas of the
image pickup element 102 are all rectangular. However, the
shape of the divided area is not limited thereto. For example,
as illustrated in FIG. 37, the division may be made as follows.
That is, a large circular area 3801 is set at the center where the
optical performance is excellent, and, around the area 3801,
areas 3802 are set radially. By performing the area division in
this manner, with respect to a rotationally-symmetric optical
system, differences in correcting amount among the areas can
be reduced. Further, divided areas are further made smaller
like divided areas 3803 on the periphery of the screen, and
hence such an optical system can be handed with more case
that the wavefront aberration steeply increases on the periph-
ery of the screen.

Further, though not described in the embodiments
described above, for example, in the case of an image pickup
optical system in which image bur cased by camera shaking is
optically stabilized, part of the optical system may be made
decentered for the image stabilizing. In such an optical sys-
tem, decentering aberration occurs according to the decenter-
ing amount at the time of the image stabilizing for the camera
shaking. With regard to the decentering aberration, too, simi-
larly, an LUT can be created for the decentering amount and
the decentering aberration, and the phase modulating element
can be caused to perform modulation according to the decen-
tering amount, thereby correcting the decentering aberration.

According to the embodiments described above, more
favorable optical performance can be achieved by changing
the correcting amount of the wavefront aberration according
to the zoom position, the focus position and the like of the
image pickup optical system, or changing the division num-
ber of areas of the image pickup element itself. Further, con-
sidering that the image pickup element is divided into areas,
ifaCMOS image pickup element, which is capable of reading
on a pixel basis, is used, the present invention can favorably
deal with image pickup performed in a time-sharing manner,
a change in number of divided areas and the like.

While the present invention has been described with refer-
ence to exemplary embodiments, it is to be understood that
the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
such modifications and equivalent structures and functions.

This application claims the benefit of Japanese Patent
Applications No. 2010-094941 filed Apr. 16, 2010, which is
hereby incorporated by reference herein in its entirety.

The invention claimed is:

1. An image pickup apparatus comprising:

an image pickup element;

an image pickup optical system configured to form an
image of an object on the image pickup element using a
beam from the object;
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a phase modulating element disposed on a pupil plane of
the image pickup optical system, and configured to
modulate a phase state of the beam from the object;

a modulating element controller configured to control the
phase modulation amount of the phase modulating ele-
ment; and

an image pickup element controller configured to divide an
effective area of the image pickup element into multiple
areas, and read information on each of the multiple
divided areas sequentially,

wherein, when the image pickup element controller reads
the information on the multiple divided areas of the
image formed on the image pickup element by area-by-
area basis sequentially, the modulating element control-
ler is configured to control the phase modulating ele-
ment in accordance with timing of reading of the
information of the respective divided areas to reduce a
wavefront aberration in the divided area from which the
information is to be read.

2. The image pickup apparatus according to claim 1,

wherein:

anumber of the multiple divided areas is at least three, and

the image pickup apparatus performs picking up images at
least as many times as the number of the multiple
divided areas.

3. The image pickup apparatus according to claim 1,
wherein an area containing a center of the image pickup
element has a largest size in the multiple divided areas.

4. The image pickup apparatus according to claim 1,
wherein the image pickup optical system has a zoom func-
tion, and a number of the multiple divided areas changes
depending on a zoom position of the image pickup optical
system.

5. The image pickup apparatus according to claim 4,
wherein the number of the multiple divided areas is larger at
a wide-angle end than at a telephoto end.

6. The image pickup apparatus according to claim 4, fur-
ther comprising a lookup table for determining a phase
amount, by which a passing beam is to be modulated by the
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phase modulating element, depending on one of the zoom
position or a focus position of the image pickup optical sys-
tem, and a position of the divided area among the multiple
divided areas.

7. The image pickup apparatus according to claim 1,
wherein the modulating element controller sets a phase
amount, by which a passing beam is to be modulated by the
phase modulating element, so as to minimize a wavefront
aberration at a center of the divided area.

8. The image pickup apparatus according to claim 1,
wherein the modulating element controller calculates an aver-
age value of wavefront aberrations in each of the multiple
divided areas and sets a phase amount, which is to be provided
to a passing beam at the phase modulating element, so as to
minimize a wavefront aberration at a point in the divided area,
the point having the same wavefront aberration value as the
average value.

9. The image pickup apparatus according to claim 1,
wherein the modulating element controller performs weight-
ing on wavefront aberrations in the each of the multiple
divided areas, and sets a phase amount, which is to be pro-
vided to a passing beam at the phase modulating element, so
as to minimize a wavefront aberration at a point having a
highest weight in the divided area.

10. The image pickup apparatus according to claim 1,
wherein the image pickup element comprises a CMOS image
pickup element.

11. The image pickup apparatus according to claim 1,
wherein the image pickup element controller is configured to
control the phase modulating element to reduce the wavefront
aberration in the divided area from which the informationis to
be read, then to accumulate charges in the image pickup
element in the divided area, and then to read the accumulated
charges sequentially.

12. The image pickup apparatus according to claim 1,
wherein each of the multiple divided areas corresponds to a
plurality of pixels of the image pickup element.
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